I. INTRODUCTION

P
OLARIZATION beam splitters (PBS), performing splitting or combining beams with orthogonal polarization states spatially, are widely used in optical communications or optical fiber sensing systems. Various waveguide-based integrated PBS have been proposed recently. Examples include asymmetric Y -branches [1] , [2] , directional couplers (DCs) with stressinduced birefringence [3] , metal-clad Mach-Zehnder interferometers [4] or deeply etched multimode interference couplers (MMI) [5] , etc. Some of these proposed structures require special fabrication procedures or exhibit a poor extinction ratio between the two outputs. The PBS based on the DC with stressinduced birefringence [3] has a simple configuration but suffers from the long coupling length because of the weak birefringence.
To shorten the length of the device, liquid crystal material was introduced in [6] because of its relatively large birefringence. However, the corresponding reported structure consists of two coupling waveguides on two different substrates, which increases the difficulty of assembly and coupling to fibers. Furthermore, the modeling and design in [6] is based on the twodimensional (2-D) scalar-wave equation; hence, the waveguide is treated as a slab waveguide. However, the liquid crystal material is a birefringence dielectric structure and, in practice, the waveguides have limited cross sections.
We first propose an improved configuration, in which the DC is integrated on one substrate. Secondly, we propose a supermode solution based on three-dimensional (3-D) quasivector wave equations and a 3-D full-vectorial beam propagation method (BPM) as modeling tools, which consider the birefringence dielectric structure of liquid crystals and limited cross section of waveguides. Using these two modeling tools, the proposed integrated polarization splitter is designed and simulated numerically in Section III. In the design procedure, the coupling in the curved input and output regions is also considered. The simulation result for the whole structure shows an extinction ratio of 25.3 and 41.9 dB for the TE and TM mode, respectively.
II. PROPOSED CONFIGURATION AND MODELING TOOLS
A. Proposed Configuration
The schematic structure of the proposed configuration is presented in Fig. 1 . A slot is etched in the middle of the DC. The liquid crystal is filled in and employed as a covering layer as well. The whole device can be regarded as a liquid crystal cell with planar lightwave circuits integrated on one substrate. There are two possible alignment directions for the liquid crystal molecules, which can be along the x axis (parallel alignment; configuration A) or the y axis (perpendicular alignment; configuration B). Both configurations A and B involve the alignment of liquid crystal on surfaces of the top glass plate and the substrate as far as the fabrication of the device is concerned. For configuration A, the planar alignment on the top glass surface can be realized by coating a polymer layer and rubbing with a nylon cloth similar to the method used in the manufacturing of liquid crystal displays. For the substrate, the liquid crystal can be aligned by evaporating a thin layer of silicon monoxide (about 20 nm) on the substrate as experimentally demonstrated in [7] . For configuration B, the perpendicular alignment of the liquid crystal at surfaces of both the glass and the substrate can be implemented by treating the surface with a low-surface energy surfactant as shown in [8] . The ordinary and extraordinary refractive indices of the liquid crystals are n o and n e , respectively (here, a liquid crystal of positive birefringence is chosen, i.e., n e > n o ). The refractive index of the other cladding area n cl is chosen to be equal to n e in this paper. The width and height of the etched slot is denoted as w and h, respectively.
The operational mechanism of this polarization beam splitter is due to the birefringence of the liquid crystal. The TE and TM modes (polarization direction of the TE and TM mode is defined along x axis and y axis, respectively) have different index profiles in the liquid crystal area and consequently, have different propagation characteristics. In configuration A of Fig. 1 , the TE mode is supposed to be coupled to the other waveguide at an appropriate length, but TM mode remains in the same waveguide within that length due to the strong guiding while propagating along this DC. In configuration B, the TM mode will be coupled to the other waveguide and the TE mode will remain in the same waveguide. Compared to the configuration proposed in [6] , for the present configurations, there is no need to assemble the two waveguides on two different substrates to make a DC, which imposes a very strict requirement to the fabrication tolerance. Since the DC is integrated on the same substrate in the present configuration, it is more convenient to couple with fibers than with the configuration in [6] .
To carry out the design and simulation, supermode solution for the DC involving birefringence materials and corresponding full-vector BPM are briefly described.
B. Modeling Tools
The wave equation involving birefringence dielectric structure is
where k = 2π/λ 0 and λ 0 is wavelength in free space. In the liquid crystal area,ε is the optical tensor of liquid crystals. For configuration A: ε xx = n 
where
By neglecting the coupling between TE and TM modes in the above equation, quasi-vector mode equation is obtained. For the DC, assume that the two supermodes for the quasi-TE and quasi-TM mode have propagation constants β TE i and β TM i (i = 1, symmetric supermode; i = 2, asymmetric supermode). Electric field components E x (x, y)and E y (x, y) of the quasi-vector mode satisfy the following equations, respectively,
The coupling length (the light is totally coupled from one waveguide to the other) of the DC can be calculated as
, for TE ad TM modes, respectively. For a specific length of the DC L, the coupling ratios of the DC for TE and TM mode are, respectively, [9] 
Besides the above quasi-vector supermode solution, a fullvector BPM is employed to simulate beam behaviors for the designed structure, of which the two coupling items are considered. With the slowly varying envelope approximation [E i =Ê i exp(jkn 0 z), (i = x, y)] and paraxial assumption, they have the form
These coupled equations can be solved by adopting an alternative direction implicit scheme as in [10] , with which these equations are converted into 2-D beam propagation problems. The transparent condition or perfect matched layer can be used at the edges of the calculation region [11] , [12] .
The design and simulation of this integrated PBS obtained using these modeling tools are presented in the following section.
III. NUMERICAL DESIGN AND SIMULATION
Configuration A is considered as the numerical example for the design and analysis of the integrated polarization splitter (for configuration B the procedure is the same). The wavelength of the propagation light is chosen to be 1550 nm, and the silica waveguide is considered because of its low propagation loss and high coupling efficiency to fibers. The ordinary and extraordinary refractive indices of the liquid crystal are n o = 1.455 and n e = 1.505, respectively. The cross section of the waveguide core is 5 × 5 µm 2 . The refractive index of the cladding region is n cl = 1.505 and that of the core is n co = 1.515. For the TE mode, the coupling length varies as the separation of the two waveguides changes but remains almost the same for different etching depth of the slot. Fig. 2(a) gives the calculated coupling length of the TE mode while the separation varies from 2 to 6 µm. The extinction ratio of the TM mode is calculated for different etched depths and separations using the corresponding coupling length for the TE mode presented in Fig. 2(a) [see Fig. 2(b) ].
As shown in Fig. 2(a) , when the separation increases, the coupling length increases significantly. The coupling length for the TE mode is strongly dependent on the separation of the two waveguides; thus, when the separation increases, the coupling length increases significantly. The calculated results of Fig. 2(b) show that for a given separation, i.e., a given coupling length for the TE mode, the extinction ratio is increased as the etched depth increases (however, a deep etching increases the fabrication complexity and tolerance requirement) or for a given etched depth it is also increased as the separation increases. The selection of the correct parameters of separation from Fig. 2(a) and (b) involves a compromise where achieving a compact size will restrict the extinction ratio. Conversely, selecting a high extinction results in a long coupling length for the TE mode. In this example, a separation of 4.5 µm and an etched depth of 8 µm are chosen. The corresponding coupling length for TE mode is 2200 µm, which is calculated by the formula
i.e., within this length the propagation light of the TE mode is completely coupled from one waveguide to the other waveguide, and the extinction ratio for the TM mode is 36 dB with the supermode solution. To further reduce the length of the device, a liquid crystal material with a higher birefringence can be used. It should be understood that for the same waveguide parameters and same extraordinary refractive index of the liquid crystal material, when reducing the value of the ordinary refractive index of liquid crystal material (i.e., increasing the birefringence), the TM mode has a higher extinction ratio due to the stronger guiding as the refractive index of the cladding between the two waveguides decreases. Therefore, one can choose a smaller separation, which leads to a smaller coupling length required for the TE mode while maintaining a high extinction ratio for the TM mode.
When the waveguide separation is 4.5 µm and the etched depth is 8 µm, the effective refractive indices of the two supermodes for the TE mode are 1.5092257 and 1.5088733. Corresponding field distributions are shown in Fig. 3(a) and (b) , respectively. For the TM mode, it has a different index profile because of the birefringence of liquid crystal. The effective refractive indices for the two supermodes are 1.5073871 and 1.5073845. Fig. 3(c) and (d) presents the corresponding field distributions. Fig. 3(c) and (d) indicates that the light fields of the supermodes are well defined for the two waveguides, which is significantly different from that shown in Fig. 3(a) and (b) . The effective refractive indices of the two supermodes are very close, and consequently, the corresponding coupling length is very long. In summary, the coupling for the case of the TM mode between the two waveguides is very weak.
To split or combine the TE and TM modes in practice, the DC consists of curved input and output waveguides as shown in Fig. 1 . It is known that due to coupling effect in the curved input and output region, the actual coupling length of the straight waveguide is shorter than the above presented designed length. With the effective design method proposed in [13] , the actual length of the central region for the DC is 1787 µm (for the curved input and output regions the bending radius R is 20 000 µm and the separation is 40 µm).
Finally, the 3-D full-vector BPM is employed to simulate the light propagation along the whole structure, including the curved input region, the central coupling region, and the curved output region. Fig. 4 shows the light intensity distributions for the TE mode and the TM mode while propagating along the whole structure. Simulation results indicate that the TE mode is coupled to the other waveguide, while the TM mode remains in the same waveguide. The corresponding extinction ratio based on the simulation of the whole structure is 25.3 and 41.9 dB for the TE and TM mode, respectively.
IV. CONCLUSION
A new integrated polarization beam splitter based on a DC with an etched slot and filled-in liquid crystal covering layer has been proposed in this paper. The birefringence of liquid crystal materials is used to split the TE and TM modes. Supermode solution for the DC involving birefringence materials and corresponding full-vector anisotropic BPM have been presented and employed as modeling tools for the design. Numerical design and simulation of the proposed structure has been demonstrated. Corresponding numerical result indicates an extinction ratio of 25.3 and 41.9 dB for the TE and TM mode, respectively. Compared to previous liquid crystal integrated polarization splitter, the proposed structure eases the difficulty of assembly and coupling to optical fibers due to integration of the two waveguides of the DC on the same substrate. In 1995, he founded the Applied Optoelectronics Centre at Dublin Institute of Technology (DIT), Dublin, Ireland. Since 2001, he has been the Head of the School of Electronics and Communications Engineering in DIT. His current research interests include optical power and wavelength measurement, optical switching, plastic optical fibers and self-pulsation in laser diodes. He is the author of a considerable number of journal and conference papers in these areas.
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